Interactive effects of the CO 2 enrichment and nitrogen supply on the biomass accumulation, gas exchange properties, and mineral elements concentrations in cucumber plants at different growth stages. Agronomy, 10(1), 139.
Introduction
In the cold of winter, most greenhouses in China are not opened or ventilated in order to keep a warmer air temperature for vegetable growth. Therefore, carbon dioxide (CO 2 ) is often depleted rapidly in these closed greenhouses, and this lack becomes one of the biggest adverse factors that depress the photosynthesis and growth of vegetables [1] . CO 2 enrichment has been widely implemented in greenhouses in Europe, North America, and Japan since the 1950s, and was introduced and used in greenhouses in China in the late 1980s [2] [3] [4] . CO 2 enrichment has been found to have a dramatic effect on faster growth, greater biomass, and higher yield [5, 6] due to the increased photosynthesis and carbohydrate accumulation, particularly in C3 plants [7, 8] . Nevertheless, the longer and further researches reported some drawbacks of CO 2 enrichment. These drawbacks included the decline of mineral concentrations in plant tissues [7, 8] , worsened taste due to the increased cellulose content [9, 10] , as well as the photosynthetic acclimation and the weak sustainability of its fertilization effects on yield improvement [11] [12] [13] . The main reason was the increased photosynthates and accumulated carbohydrates in plant tissues under elevated CO 2 concentrations ([CO 2 ]), which decreased the nitrogen to carbon ratio (N/C) and caused the imbalance between source and sink [7, 13, 14] . To deal with this problem, many researchers recommended higher N fertilization to minimize the reduction in N/C associated with high [CO 2 ] conditions [15] [16] [17] . However, when the dry matter accumulation outpaces N uptake, enriched CO 2 will still reduce N concentrations ([N]) in plants even if N uptake is enhanced by higher N supply [18] .
A reduction in mineral concentrations has been frequently demonstrated in crops grown under elevated [CO 2 ] conditions [7] [8] [9] 18 ]. Among these mineral elements, the possible mechanisms of the reduction of [N] in plants under high [CO 2 ] conditions have been extensively studied [9, 10, 19, 20] . Four hypotheses are well-documented: (1) Dilution effect due to accumulation of non-structural carbohydrates [10, 12] ; (2) reduced mass flow and transpiration due to decreased stomatal conductance [21, 22] ; (3) decreased Rubisco protein concentrations and N demands due to increased plant N use efficiency [10, 23, 24] ; (4) inhibited photorespiration-dependent nitrate assimilation under high [CO 2 ] [25, 26] . However, the effects of elevated [CO 2 ] on other mineral elements in plants have received far less attention. In plants, N, phosphorus (P), and sulfur (S) are mainly bounded to C to form organic molecules, whereas potassium (K), calcium (Ca), and magnesium (Mg) tend to remain in ionic forms or be chelated with enzymes in plant tissues. Considering their different uptake pathways, existence forms, and physiological functions, concentration changes of different mineral elements in plants at different [CO 2 ] and N supply levels are possible with different mechanisms potentially contributing to each.
Cucumber (Cucumis sativus L.) is globally one of the most important vegetables that prefers to be cultivated in greenhouses with CO 2 enrichment [27] . While the growth, photosynthesis [28] , nitrogen metabolism [29] , yield [1] , fruit quality [30] , root morphology [31] , root exudate [32] , and water use efficiency [33] of cucumber grown in elevated [CO 2 ] conditions have been studied, the effects of different [CO 2 ] and N supply levels on mineral element concentrations in cucumber and the key factor leading to these changes have received far less attention. Moreover, the available information about the optimum N supply under different elevated [CO 2 ] is extremely limited. A better understanding of the concentration changes of mineral elements in cucumber plant responding to elevated [CO 2 ] and N supplies is necessary for optimizing [CO 2 ] and N fertilization in order to obtain high quality greenhouse products with higher C and N use efficiency [34, 35] and to deal with future climate change scenarios with less CO 2 emission and fertilizer input [36, 37] .
In previous studies, we have found the optimum N supply was 7 and 14 mmol L −1 for the seeding and mature plants of cucumber, respectively, and the saturated and semi-saturated [CO 2 ] of cucumber plants under natural solar radiation (about 600 mol m −2 s −1 ) was 1200 and 625 µmol mol −1 , respectively [28, [30] [31] [32] . Therefore, in this study, we carried out the hydroponic trials on cucumber plants with three [CO 2 ] (400, 625, and 1200 µmol mol −1 ) combined with five N supply levels (2, 4, 7, 14 , and 21 mmol L −1 ) during seedling and initial flowering stages. Then, we investigated the effects of [CO 2 ], N supply levels, and growth stages on cucumber growth, gas exchange, and macro-nutrient elements concentrations in different tissues. Pearson correlation coefficient is commonly used to quantify the degree of linear relationship between two factors and has been used to evaluate the relationships between root exudates and root morphological traits in our previous work [31] . In this study, we also used the Pearson correlation analysis to evaluate what were the key factors affecting the concentration changes of each mineral element in cucumber plants under different [CO 2 ] and N supply conditions.
Materials and Methods

Plant Culture and Growth Conditions
Three open-top chambers (OTCs) (2.3 m length × 0.8 m width × 1.4 m height) made of poly (methyl methacrylate) were established in the glasshouse at Institute of Soil Science, Chinese Academy of Sciences, Nanjing, P.R. China (32.0596 • N, 118.8050 • E). The OTCs were transparent for minimizing the shading effect and received solar radiation with natural day length. The OTCs also have a pair of opposite side doors, which can be opened like wings for inside operation and cooling. The experiments were carried out as a split-plot design where [CO 2 ] was the main treatment, and N supplies were considered as the sub-plot treatment. Five N treatments were set at 2 (N1), 4 (N2), 7 (N3), 14 (N4), and 21 (N5) mmol L −1 , which were repeated six times in each chamber, and the thirty pots in each chamber were rotated within and among chambers every two weeks to minimize chamber effects. The [CO 2 ] in three identical OTCs was set at 400 (ambient: C1), 625 (elevated: C2), and 1200 (super-elevated: C3) µmol mol −1 respectively and was reset to the corresponding treatment condition following plant rotation. The [CO 2 ] in OTCs was controlled and monitored continuously through an infrared gas analyzer (Ultramat 6, Siemens, Munich, Germany) started on the day after transplanting (DAT). The [CO 2 ] in OTCs was elevated from 0800 to 1700 h every sunny and cloudy day. The temperature and relative humidity within the OTCs were recorded by a L95-83 data logger (Hangzhou loggertech Co., Ltd., Hangzhou, China) every 15 min. The chambers were opened for cooling and CO 2 was not supplied when the temperature inside was above 35 • C. The accumulated CO 2 treating time was 338 h within the whole experiment period of 62 days. The average temperature in OTCs was 22.9-23.5 • C, and the average humidity was 61.2-63.2%, respectively.
Cucumber (Cucumis sativus L.) seeds of 'Jinyou 38 (Tianjin Lvfeng Co., Ltd., Tianjin, China) were germinated on moist filter paper in constant-temperature incubator at 28 • C and relative humidity of 70% for 48 h, and then seeds with radicles were sown into trays containing peat-vermiculite (2:1, v/v) substrate. When the third true leaf emerged, healthy seedlings were selected and transplanted to 5 L polyvinyl chloride polymer (PVC) pots with two plants per pot. Each pot was filled with 4 L modified Yamazaki nutrient solutions for cucumbers [38] The gas exchange properties of cucumber plants, including net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs) were measured using a portable photosynthesis system (Li-6400, Li-Cor Inc., Lincoln, OR, USA) with a standard leaf chamber (2 cm × 3 cm) (6400-02B) with a LED light source. The photosynthetic photon flux density, temperature, relative air humidity, and the air flow rate inside the leaf chamber were set at 1500 mol m −2 s −1 , 25 • C, 50%, and 500 µmol s −1 , respectively. The [CO 2 ] of the flow-in air was set the same as that in the corresponding OTC where the plant was grown. The measurements were conducted on 13, 38, and 60 DAT and six replicates of the third leaves from the top of cucumber plants in each treatment were used for measuring.
Plant Harvest and Biomass Determination
One plant in each pot was harvested at the seedling stage (T1) when the seedling had five to six true leaves (18 DAT) and the other was harvested at the initial fruiting stage (T2) when small fruits of 5-8 cm of length formed (62 DAT). After harvest, plants were separated to root, stem, and leaf samples and washed with tap water followed by distilled water. Dry weight (DW) of each tissue was determined by drying the fresh tissues at 105 • C for 30 min and then at 75 • C to a constant weight in an electro-thermostatic blast oven.
Mineral Element Concentration Determination
The dry samples were ground to pass through a 0.5-mm screen. Next, 0.2 g dry samples were soaked in 5 mL concentrated H 2 SO 4 for 24 h then digested at 180 • C for 5 h, followed by intermittent addition of 0.5 mL H 2 O 2 for 2 or 3 times. The extracted solution was diluted to 500 mL with deionized water and the [N] was analyzed using a discrete auto-analyzer (Smartchem200, Alliance, France) [28] . Another portion of 0.2 g dry samples was digested with 5 mL HNO 3 
Statistical Analysis
Statistical analysis was performed using SPSS software (Version 22.0; IBM Corp., Armonk, NY, USA). All data were shown as mean ± standard error. The means of DW, gas exchange properties, and mineral concentrations with six replicates in each treatment were compared using Duncan's multiple range test at a significance level of p = 0.05 in one-way analysis of variance (ANOVA). The effects of N supply, [CO 2 ], growth stage, and their interaction on DW, gas exchange properties, and mineral concentrations were quantified using a general linear model. Correlation and significance tests between each mineral concentration in different tissues of cucumber and [CO 2 ], N supply, transpiration rate were calculated using the Pearson correlation coefficient with two-tailed test. All figures were generated by OriginPro (Version 8.0; OriginLab Corp., Northampton, MA, USA).
Results
Dry Weight and Root to Shoot Ratio
The effects of [CO 2 ] levels, N levels, growth stages, and their interactions on root, stem, leaf, and total DW as well as root to shoot ratios (R/S) of cucumber plants are shown in Table 2 . The growth stage significantly affected the DW of roots, stems, leaves, and total biomass of cucumber plants. The average DW of total plants was increased from 1.01 g plant −1 at T1 stage to 6.14 g plant −1 at T2 stage. As the aerial parts of cucumbers grew faster than root, the R/S significantly decreased from 0.107 to 0.093 during a growth period of 44 days. N supply levels also significantly affected the biomass accumulation of cucumber plants, especially at T2 stage. At T1 stage, the DW of stems, leaves as well as total biomass of cucumber plants was significantly increased with the increase of N supply, especially at higher [CO 2 ] treatments (C3), whereas the DW of roots was not influenced by N levels at all [CO 2 ] levels. Specifically, the increase of total biomass from N1 to N5 was 28.0%, 37.0%, and 68.5% in treatments C1, C2, and C3, respectively. At T2 stage, the positive effects of N supplies were more obvious than that at T1 stage, and the DW of all parts of cucumber plants were much greater in N5 treatment than those in N1 treatment. The total biomass was increased by 1.57, 2.85, and 4.70 folds from N1 to N5 in treatments C1, C2, and C3, respectively. Since the improvement of DW in the aerial parts was more noticeable than that in roots, the R/S at each [CO 2 ] treatment was significantly decreased with the increase of N supply at both growth stages.
Roots
With respect of [CO 2 ] levels, the increase of DW by super-elevated [CO 2 ] (C3) were more dramatic in moderate (N3) and high N supplies (N4 and N5), whereas there was little increase or even a decrease in low N supplies (N1 and N2). Generally, the increase of total biomass from C1 to C3 was 29.4%, 58.4%, and 51.7% at T1 stage, and was 68.9%, 69.2%, and 70.1% at T2 stage, in N3, N4, and N5 treatments, respectively. The R/S was not significantly affected by [CO 2 ] levels, irrespective of the N supply and growth stage.
The interactions of [CO 2 ] × N and [CO 2 ] × N × growth stage had significant effects on the DW of stems, leaves, and total cucumber plants but it was not significant on root DW. The interactions of [CO 2 ] × growth stage and N × growth stage had significant effects on the DW of all parts of and total cucumber plants. The interaction of neither two nor three of these factors had significant effects on R/S.
Gas Exchange
Generally, [CO 2 ] levels, N levels, growth stages and their interactions all had significant effects on the Pn of cucumber plants ( Figure 1 ). On 13 DAT, super-elevated [CO 2 ] (C3) significantly increased the Pn in N3 and N4 treatments. On 38 DAT, the Pn under super-elevated [CO 2 ] was the highest in all N levels. On 60 DAT, the Pn under super-elevated [CO 2 ] was also the highest in all N levels except for N2. Compared with ambient [CO 2 ] (C1), the increase of the Pn by super-elevated [CO 2 ] (C3) was 60.1%, 115.5%, and 77.7% in N3, N4, and N5 treatment, respectively. However, elevated [CO 2 ] (C2) did not significantly increase the Pn compared with C1 in all N levels at three growth stages. The Pn was usually increased with the N supply increasing at the same [CO 2 ] and growth stage. The increase of the Pn from N1 to N5 in C3 treatment was 2.35, 0.89, and 2.24 folds on 13, 38, and 60 DAT, respectively. As the plant grew, the Pn was gradually increased in high N supplies (N4 and N5) under super-elevated [CO 2 ]. Whereas in low N supplies (N1 and N2), the Pn reached its highest value earlier on 38 DAT.
The Gs of cucumber plants was significantly influenced by [CO 2 ] levels, N levels, growth stages, and the interactions of [CO 2 ] × growth stage and N × growth stage ( Figure 1 ). The Gs was much lower in N1 treatment on 13 DAT and in N1 and N2 treatments on 60 DAT than that in other higher N levels in the same [CO 2 ] level. The Gs was also depressed by higher [CO 2 ] (C2 and C3) in N5 treatment on 13 DAT and in N1, N2, and N5 treatments on 60 DAT. In other N treatments and growth stages, there was only a decreasing trend not a significant decrease in the Gs by higher [CO 2 ] treatments. Averaged across all N treatments, the decrease of Gs from C1 to C3 was 27.4%, 27.7%, and 21.2%, on 13, 38, and 60 DAT, respectively.
The changes of Tr of cucumbers grown under different N and [CO 2 ] levels at three growth stages were similar to those of Gs ( Figure 1 ). [CO 2 ] levels, N levels, growth stages, and the interactions of [CO 2 ] × growth stage and N × growth stage had significant effects on the Tr of cucumber plants. The Tr was inhibited by super-elevated [CO 2 ] (C3) in N2, N4, and N5 treatments on 13 DAT, in N4 on 38 DAT, and in N1, N2, and N3 on 60 DAT. In other treatments, a decreasing trend in C3 was usually observed compared with C1. The average decrease of Tr from C1 to C3 among all N treatments was 31.9%, 26.4%, and 22.3%, on 13, 38, and 60 DAT, respectively. Increasing N supply improved the Tr in C2 and C3 treatments on 60 DAT, and the increase from N1 to N5 was 72.6% and 130.2% in C2 and C3 treatment, respectively. The Tr differences among the three growth stages were not significant. Figure 1 . Net photosynthesis rate, stomatal conductance, and transpiration rate of cucumbers grown under different N and [CO2] levels at three growth stages (n = 6). Bars represent standard errors. CO2 levels: C1, C2, and C3: 400, 625, and 1200 μmol mol −1 . N levels: N1, N2, N3, N4, and N5: 2, 4, 7, 14, and 21 mmol L −1 . Means not followed by the same lower case letters are significantly different among different N levels in the same CO2 level and growth stage, and not followed by the same upper case letters are significantly different among different CO2 levels in the same N level and growth stage, and not followed by the same Greek letters are significantly different among different growth stages in the same CO2 and N level, according to Duncan's test at p < 0.05. In the internal table, C: [CO2] level; Figure 1 . Net photosynthesis rate, stomatal conductance, and transpiration rate of cucumbers grown under different N and [CO 2 ] levels at three growth stages (n = 6). Bars represent standard errors. CO 2 levels: C1, C2, and C3: 400, 625, and 1200 µmol mol −1 . N levels: N1, N2, N3, N4, and N5: 2, 4, 7, 14, and 21 mmol L −1 . Means not followed by the same lower case letters are significantly different among different N levels in the same CO 2 level and growth stage, and not followed by the same upper case letters are significantly different among different CO 2 levels in the same N level and growth stage, and not followed by the same Greek letters are significantly different among different growth stages in the same CO 2 and N level, according to Duncan's test at p < 0.05. In the internal table, C: [CO 2 ] level; N: N level; T: growth stage. Asterisks (*) indicate significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001);indicates non-significant differences (p ≥ 0.05).
Mineral Nutrient Concentration
As shown in Figure 2 , [CO 2 ] levels, N levels, growth stages, and the interaction of [CO 2 ] × N had significant effects on the [N] in all three parts of cucumber plants, and the interaction of [CO 2 ] × growth stage, N × growth stage, and [CO 2 ] × N × growth stage also had significant effects on the [N] in leaves of cucumbers.
[N] in roots, stems, and leaves of cucumbers was significantly increased with the increasing N supply. At T1 stage (18 DAT) , the average increase of [N] from N1 to N5 among all [CO 2 ] treatments was 71.4%, 85.9%, and 61.2% in roots, stems, and leaves respectively, whereas the value was 50.0%, 71.7%, and 27.7% at T2 stage (62 DAT) . [N] in leaves was significantly decreased by super-elevated [CO 2 ] (C3) compared with ambient [CO 2 ] (C1) in all N treatments at both growth stages except for N1 and N2 at T2 stage. Averaged across all N treatments, the decrease of [N] in leaves from C1 to C3 was 6.1% and 9.3%, at T1 and T2 stage, respectively. However, [CO 2 ] levels did not affect the [N] in roots and stems in most treatments. As the plants grew, the [N] in stems in N2, N3, and N4 treatments in all [CO 2 ] levels, in leaves in N1, N4, and N5 treatments in higher [CO 2 ] levels (C2 and C3) were decreased.
Agronomy 2020, 10, x; doi: FOR PEER REVIEW 11 of 23 by higher [CO2] (C2 and C3) compared with ambient [CO2] (C1) at all N levels in roots except for N1, and in leaves except for N2. The average decrease among all N treatments was 26.4%, 0.2% (not significant), and 6.6% in roots, stems, and leaves respectively from C1 to C2, and the decrease from C1 to C3 was 16.9%, 10.0%, and 7.8%. Similar to [Ca] , growing also caused a significant decrease of [Mg] in 10 of 15 treatments in root and 11 of 15 treatments in leaves. stems was gradually decreased with the N supply increased, and the average decrease from N1 to N5 among all [CO 2 ] treatments was 17.3%. At T2 stage, [P] in roots and stems was significantly decreased as the N supply increasing, and the corresponding average decrease from N1 to N5 was 44.2% and 38.3%, respectively. At T1 stage, [P] in moderate (N3) and high (N4 and N5) N supplies were usually lower in C3 than that in C1 treatment, specifically in roots of the N3 and N4 treatments, stems of the N4 and N5 treatments, and leaves of N3 and N5 treatments. At T2 stage, the differences of [P] between C1 and C3 were not significant except for N1 and N4 in stems and N2 and N4 in leaves. Figure 4 showed the [K] in different tissues of cucumber plants grown under different treatments. Similar to the [P], [CO 2 ] levels, N levels, growth stages, and the interaction of N × growth stage had significant effects on the [K] in all three parts of cucumber plants. At T1 stage, [K] in roots was gradually decreased as the N level elevating, and the average decrease from N1 to N5 among all [CO 2 ] treatments was 40.5%, whereas they were gradually increased in leaves as the N level elevated, and the average increase from N1 to N5 was 13.8%. Compared with ambient [CO 2 ] (C1), [K] was significantly decreased by super-elevated [CO 2 ] (C3) in N3 and N4 in roots, N3, N4, and N5 in stems and N2, N4, and N5 in leaves. At T2 stage, a decrease of [K] by elevated [CO 2 ] was observed in N4 and N5 in roots and N4 in leaves. In terms of growth stages, [K] was decreased from T1 stage to T2 stage in stems of cucumbers in all treatments. [CO 2 ] levels, N levels, growth stages, and the interaction of [CO 2 ] × growth stages had significant effects on the [Ca] in all three parts of cucumber plants ( Figure 5 ). [Ca] was always the lowest in highest N treatment (N5) at two growth stages in all three parts of cucumbers except for that in roots at T1 stage. The average decrease from N1 to N5 among all [CO 2 ] treatments was 16.9% and 15.6% in stems and leaves respectively at T1 stage, and was 32.4%, 33.9%, and 15.3% in roots, stems, and leaves respectively at T2 stage.
[Ca] was also decreased by elevated [CO 2 ] in all three tissues regardless of N supply at T1 stage. The average decrease from C1 to C3 among all N treatments was 16.4%, 14.3%, and 10.4% in roots, stems, and leaves, respectively. Growing caused a significant decrease of [Ca] in 10 of 15 treatments in root and 11 of 15 treatments in leaves. The [Mg] in different tissues of cucumber plants growing under different N and [CO 2 ] levels at two growth stages was shown in Figure 6 . Generally, [CO 2 ] levels, N levels, and growth stages had significant effects on the [Mg] in all three parts of cucumber plants. [Mg] was almost the highest in lowest N treatments (N1) and the lowest in highest N treatment (N5) in stems and leaves at T1 stage and in roots and leaves at T2 stage. The corresponding average decrease from N1 to N5 among all [CO 2 ] treatments was 19.1%, 27.1%, 24.5%, and 24.8%. At T1 stage, [Mg] was significantly decreased by higher [CO 2 ] (C2 and C3) compared with ambient [CO 2 ] (C1) at all N levels in roots except for N1, and in leaves except for N2. The average decrease among all N treatments was 26.4%, 0.2% (not significant), and 6.6% in roots, stems, and leaves respectively from C1 to C2, and the decrease from C1 to C3 was 16.9%, 10.0%, and 7.8%. Similar to [Ca] , growing also caused a significant decrease of [Mg] in 10 of 15 treatments in root and 11 of 15 treatments in leaves. Means not followed by the same lower case letters are significantly different among different N levels in the same CO2 level and growth stage, and not followed by the same upper case letters are significantly different among different CO2 levels in the same N level and growth stage, according to Duncan's test at p < 0.05. Means with asterisks are significantly different between two growth stages in the same CO2 and N level (* p < 0.05; ** p < 0.01; *** p < 0.001). In the internal table, C: [CO2] level; N: N level; T: growth stage. Asterisks (*) indicate significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001); -indicates non-significant differences (p ≥ 0.05).
Correlations between [CO2], N Supply, Transpiration Rate, and Mineral Nutrient Concentration
To further evaluate the relationship between mineral nutrient concentration, [CO2], N supply levels, and Tr, the Pearson correlation coefficient was calculated (Figure 7) . Tr was negatively correlated to [CO2] at both growth stages and was positively correlated to N supply levels at T2 stage.
[N] in all parts of cucumber plants was significantly positively correlated to N supply levels and Tr at both growth stages except for the insignificant positive correlation between [N] in root and Tr at T1 stage. [N] was negatively correlated to [CO2] only in leaves at both growth stages.
[P] in all parts Figure 6 . Magnesium concentrations in different tissues of cucumber plants grown under different N and [CO 2 ] levels at two growth stages (n = 6). Bars represent standard errors. CO 2 levels: C1, C2, and C3: 400, 625, and 1200 µmol mol −1 . N levels: N1, N2, N3, N4, and N5: 2, 4, 7, 14, and 21 mmol L −1 . Means not followed by the same lower case letters are significantly different among different N levels in the same CO 2 level and growth stage, and not followed by the same upper case letters are significantly different among different CO 2 levels in the same N level and growth stage, according to Duncan's test at p < 0.05. Means with asterisks are significantly different between two growth stages in the same CO 2 and N level (* p < 0.05; ** p < 0.01; *** p < 0.001). In the internal table, C: [CO 2 ] level; N: N level; T: growth stage. Asterisks (*) indicate significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001);indicates non-significant differences (p ≥ 0.05).
Correlations between [CO 2 ], N Supply, Transpiration Rate, and Mineral Nutrient Concentration
To further evaluate the relationship between mineral nutrient concentration, [CO 2 ], N supply levels, and Tr, the Pearson correlation coefficient was calculated (Figure 7) . Tr was negatively correlated to [CO 2 ] at both growth stages and was positively correlated to N supply levels at T2 stage.
[N] in all parts of cucumber plants was significantly positively correlated to N supply levels and Tr at both growth stages except for the insignificant positive correlation between [N] in root and Tr at T1 stage.
[N] was negatively correlated to [CO 2 ] only in leaves at both growth stages.
[P] in all parts of cucumber plants was significantly negatively correlated to N supply except for levels at T2 stage. [P] was only negatively correlated to [CO 2 ] in stems at T1 stage and in leaves at T2 stage, and was not significantly correlated to Tr.
[K] in all parts of cucumber plants was significantly negatively correlated to [CO 2 ] at T1 stage and in leaves at T2 stage.
[K] in all parts of cucumber plants was also significantly positively correlated to Tr at both growth stages except for that in roots at T1 stage. [K] in leaves was also significantly positively correlated to N levels, whereas it was negatively correlated to N levels in root at T1 stage.
[Ca] in all parts of cucumber plants was significantly negatively correlated to [CO 2 ] at T1 stage, whereas this correlation was not significant at T2 stage.
[Ca] was also significantly negatively correlated to N levels in all parts of cucumber plants at both growth stages except for that in roots at T1 stage.
[Ca] in all parts of plants at T1 stage and in leaves at T2 stage also had a strong positive correlation to Tr.
[Mg] in all parts of cucumber plants at T1 stage and in stems at T2 stage was significantly negatively correlated to [CO 2 ].
[Mg] in stems and leaves at T1 stage and in roots and leaves at T2 stage was also significantly negatively correlated to N levels. [Mg] in aerial parts of cucumber was all significantly positively correlated to Tr at both growth stages. 
Discussion
Impacts of [CO 2 ] and N Supply on the Growth of Cucumbers
The beneficial effects of CO 2 enrichment on stimulating plant growth and biomass accumulation of crops have been extensively reported [2, 5, 6, 40] . An increase in the DW ranging from 13.5% to 34.4% has been reported for cucumbers, when [CO 2 ] was elevated to 500-760 µmol mol −1 [1, 31, 33, 41, 42] , and ranged from 43.9% to 128.0% when [CO 2 ] was elevated to 1000-1200 µmol mol −1 [28] [29] [30] [31] 43] . In the present work, in moderate N (N3), the increase in the DW was 30.5% and not significant when [CO 2 ] was elevated to 625 µmol mol −1 , and 29.4% and 68.9% when [CO 2 ] was elevated to 1200 µmol mol −1 , at T1 and T2 stage, respectively ( Table 2 ). This increased DW caused by more fixation of CO 2 and accumulation of biomass under elevated [CO 2 ] combined with moderate and high N supplies [5, 6] . Our results showed that the increase in Pn was greater than 60% by super-elevated [CO 2 ] compared with ambient [CO 2 ] in moderate and high N supplies (Figure 1 ), which were in close conformity with this explanation.
Moreover, the present work also clearly demonstrated that the DW accumulation by CO 2 enrichment depended on the N supply, in which there was significant increase in DW in moderate and high N supplies but no change or decrease in low N supplies ( Table 2 ). This is consistent with the previous findings that limited N will inhibit the synthesis of photosynthetic related proteins, lower the photosynthetic capacity, and reduce the photo-assimilate accumulation [12, 15, 44, 45] . The significant decrease of [N] in leaves at T1 stage, as well as no change or decrease in Pn by elevated [CO 2 ] observed in low N supply treatments in this work, also gave a clear indication that the stimulation of Pn at high [CO 2 ] was only partial or counteracted when N supply was limited (Figures 1 and 2) . It is worth mentioning that the improvement in Pn by CO 2 enrichment maintained at 60 DAT even when the [N] in leaves was also deceased in high N supplies (Figures 1 and 2) . A possible reason is that the [N] in leaves treated with high N supplies was still enough for guaranteeing the RuBP regeneration and Rubisco activity to match the increased C-fixation [10, 46] . These results also confirmed that increasing N supply could alleviate or prevent the photosynthetic acclimation under elevated [CO 2 ] condition and ensure the sustainability of the [CO 2 ] enrichment fertilization effects on crop growth [15] [16] [17] 33] .
Decreased Gs and Tr are the most obvious and universal changes observed in C3 plants including cucumbers grown in elevated [CO 2 ] condition [41, [47] [48] [49] . Elevated [CO 2 ] causes partial stomatal closure and decreases the Gs by 8-44% for C3 plants, consequently with a reduction of Tr by 20-40% [2, 50] . In the present work, the decrease in Gs and Tr of cucumbers in super-elevated [CO 2 ] compared with the ambient [CO 2 ] was 12.2-27.7% and 22.9-31.9%, respectively (Figure 1 ), which was in good agreement with previous reports. Additionally, we found a greater reduction in Gs and Tr in low N supply treatments (Figure 1 ). Low N causes reductions in Rubisco concentration and activity hereby forces the reduction in Gs and Tr in order to maintain a constant ratio of internal leaf [CO 2 ] to that of outside air [50] . The improvement in Gs and Tr under higher N treatments might also result from the synthesis of more photosynthates and increased cell wall rigidity [51] .
[ CO 2 ] and N Supplies also affect the biomass allocation of the plants. In the present work, the R/S was significantly decreased with N supplies increasing, but was not affected by [CO 2 ] levels ( Table 2) . A similar phenomenon was observed in other reports and our previous works [23, 28, 30, 31, 52] . Incorporated with current views in the literature, two possible reasons were usually proposed. Firstly, the accumulation of nitrate in shoots under high N supply down-regulates the growth of roots relative to shoots, resulting in lower R/S [53] . Secondly, plants always allocate more biomass to the apparatus in nutrient-limiting conditions, so more photosynthates will be invested in roots for exploring and acquiring more nutrients in N-deficient conditions [54] .
Key Factors Affecting the Mineral Nutrient Concentrations
The changes of [N] under different [CO 2 ] and N supply conditions have been extensively studied. The results that [N] was decreased as [CO 2 ] increasing and increased as N supply increasing have been frequently observed for crops and vegetables [8, 9, 19] . The reasons for the increase in [N] with increasing N supply are transparent, whereas the reasons for the decrease in [N] with increasing [CO 2 ] are more complicated. The most common reason is that the [N] is diluted by more accumulated carbohydrates in high [CO 2 ] conditions [9, 10, 12] . However, tissues respond differently to elevated [CO 2 ] conditions, and it has been reviewed that the average decrease in [N] in leaves was 16%, which was larger than that in stems (9%) and roots (9%) [7, 9] . In the present work, only the [N] in leaves was significantly decreased by 6.1-9.3% in super-elevated [CO 2 ] treatment, whereas [N] in stems and roots were not influenced by [CO 2 ] levels (Figures 2 and 7) . Therefore, the dilution effect is not the only cause of [N] decrease in elevated [CO 2 ]. Previous elevated [CO 2 ] studies have found that the NO 3 − assimilation was enhanced in roots by increased photosynthate translocation to roots, whereas it was inhibited in leaves caused by the competition for reductants between the carbon fixation and NO 3 − reduction [17, 25, 26] .
Hence, the dilution effect on [N] could be counteracted by the enhanced NO 3 − assimilation in roots while aggravated by the inhibited NO 3 − assimilation in leaves. Additionally, the decrease in Tr caused by the closed stomata could result in a reduced flow of NO 3 − from roots to leaves, which also leads to more decrease in [N] in leaves than that in roots [17, 19, 21, 22, 55] . In the present work, a significant positive correlation between [N] and Tr, especially in leaves, also gave convincing evidence for this reason (Figure 7) . In this study, [P] in moderate and high N supplies was decreased in higher [CO 2 ] levels at T1 stage, and was significantly decreased in roots and stems with the increasing N supply (Figure 3 ). The similar results were also found in tomatoes [17] , beans [56] , and soybeans [57] . This decrease of [P] in elevated [CO 2 ] especially associated with higher N supplies has been considered as the result of the dilution effect [10, 17] . When the larger biomass was accumulated in higher N supplies and elevated [CO 2 ] conditions, [P] in plants will decease if the P supply was not changed [20] . Besides, we also found there was little correlation between [P] and Tr (Figure 7 ). This lack of response of [P] to Tr may be explained by the free transportation pathway of phosphate in the xylem [58, 59] . When phosphate is delivered from root to shoot in xylem sap, it can also be redistributed between different tissues according to their own demands, and excess phosphate will be stored in the vacuoles to maintain the cellular phosphate homeostasis, which is less affected by Tr.
In moderate and high N supplies, a decrease of [K] by elevated [CO 2 ] was found in the whole plant at T1 stage, and in roots and leaves at T2 stage (Figure 4 ). There was also a significant negative correlation between [K] and [CO 2 ] level in the whole plant at T1 stage, and in leaves at T2 stage (Figure 7) . These results are consistent with the average decrease of 10% [K] in plants by elevated [CO 2 ] in previous reviews [7, 22] . The dilution effect and reducing Tr are considered as two key factors driving this decrease [17, 22, 56, 60, 61] . The significant positive correlation between [K] and Tr at both growth stages also confirmed the importance of Tr on the transportation of K in cucumber plants (Figure 7) . Interestingly, at T1 stage, [K] in leaves was significantly increased with the increasing N supply, whereas [K] in roots was decreased. A possible reason is that K + is always transported accompanied with NO 3 − from roots to shoots to maintain the balance between K + and NO 3 − in xylem sap [62, 63] . So, transportation of more NO 3 − in high N supply will cause a synchronous increase of K + in xylem sap, and result in an increase in [K] in leaves and a decrease in [K] in roots in higher N treatments.
Although an average decrease of 8% in leaf [Ca] has been reviewed [7, 22] , the change of [Ca] in different tissues and species under elevated [CO 2 ] were different [60, 61, 64] . On one hand, being different from N, P, and K, the largest [Ca] are always found in cell walls in plants, where Ca 2+ are stably fixed not only by electrostatic interactions with carboxylic groups of pectin, but also by coordination linkage with hydroxylic groups of polysaccharides [65] . So, when plant growth is improved under elevated [CO 2 ], the demands of Ca 2+ are also increased, which could partially offset the dilution effect [64] . On the other hand, Ca in xylem sap is mainly in the form of ions or chelate, so its transportation from roots to the aerial parts largely depends on the Tr [22] . However, due to the inhibited transportation of Ca in the phloem, Ca could hardly move and be reused from old tissues to young tissues [65] . Therefore, the accumulation of Ca could happen in old tissues and counterbalance the negativity of the dilution effect and reduced Tr on [Ca] . In the present work, an average decrease of [Ca] by 16.4%, 14.3%, and 10.4% in roots, stems, and leaves was observed under [CO 2 ] enrichment at T1 stage, respectively ( Figure 5 ). The significant negative correlation between [Ca] and [CO 2 ], and the positive correlation between [Ca] and Tr, implied that the dilution effect and reducing Tr were two key factors driving [Ca] decrease in young plants (Figure 7) [7, 63] . At T2 stage, elevated [CO 2 ] had little effects on [Ca], and this might be due to the accumulation of Ca in older tissues that offsets the dilution effect and reduced Tr ( Figure 5 ). Since the leaves we analyzed did not include the old leaves that had fallen, the [Ca] in leaves was still influenced by Tr, and the positive correlation between [Ca] and Tr was observed only in leaves. Besides, the decrease of [Ca] with the increasing N supply may also be the result of the dilution effect by the increased biomass accumulation in higher N levels [18] .
A decrease in [Mg] in elevated [CO 2 ] conditions has been frequently reported, and the average decrease value was 10% in leaves [7, 18, 60, 64] . McGrath and Lobell found a 20% decrease in [Mg] but only a 10% decrease of other mineral elements in leaves of wheat [22] . Based on the chlorophyll concentration analysis and mass flow experiment, they calculated that the dilution effect accounted for a 10% reduction of [Mg], reduced Tr accounted for 3-10%, and reduced chlorophyll content accounted for 1-5% (represents the reduced demands). In the present work, we found an average decrease in [Mg] by 16.9%, 10.0%, and 7.8% in roots, stems, and leaves in elevated [CO 2 ] conditions, respectively, and an average decrease of [Mg] by 19.1-27.1% under higher N supply ( Figure 5 ). The significant negative correlation between [Mg] and [CO 2 ] as well as [Mg] and N supply indicated the dilution effect had a strong impact on [Mg] (Figure 7) . Meanwhile, the significant positive correlation between [Mg] in the aerial parts and Tr implied that reduced Tr also had detrimental effects on [Mg] (Figure 7 ).
Conclusions
According to our results, the cucumber biomass accumulation could be significantly increased by elevated [CO 2 ] accompanied by high N supplies. High N supplies could further improve the Pn and offset the decrease of the Gs and Tr by elevated [CO 2 ]. Thus, increasing N supply could alleviate or prevent the photosynthetic acclimation under elevated [CO 2 ] conditions. Based on the mineral nutrient concentrations in different [CO 2 ] and N supply treatments and the correlation analysis, we proposed the key factors affecting the concentration changes of each mineral element. The dilution effect was the main factor that reduced all mineral elements, whereas Tr had a large impact on the decrease of [N], [K], [Ca], and [Mg] except [P]. The decreased demands of N and Mg and the increased demands of Ca also influenced the concentrations of the corresponding elements in cucumber plants. However, this study was just a qualitative analysis. A quantitative analysis of the effect of each factor on the concentration changes is urgently needed. When we have better understanding of the mechanisms controlling the mineral concentration changes in cucumber plant responding to elevated [CO 2 ], we could optimize the mineral fertilization in order to improve the growth of cucumber plant under elevated [CO 2 ] conditions. Thus, a sustainable vegetable production with higher C and N use efficiency and less CO 2 emission and fertilizer input will be achieved.
